Running Title: Prenatal alcohol exposure and offspring metabolism 2 Key points summary  Prenatal alcohol exposure has the potential to affect fetal development and program chronic disease in offspring.
Introduction
It is clear from both epidemiological and animal studies that early life events can impact 27 on development and program adult disease. This is known as the developmental origins 28 of health and disease (DOHaD) hypothesis and incorporates perturbations throughout 29 both fetal and early postnatal development (Barker, 2007) . During pregnancy, a sub-30 optimal uterine environment can result from maternal insults such as malnutrition, 31 stress, obesity, and drug use. In response to a perturbation, adaptations occur in favour 32 of vital organs, such as the brain, to ensure short-term fetal survival; however, the Food preference study 157 Food preference was assessed in offspring 4-5 months of age as previously reported 158 (Dorey et al., 2018) . Briefly, 1 male and 1 female from each litter were randomly 159 chosen and housed individually in cages with a divided feed hopper. After a 4-day 160 acclimatisation period, baseline consumption was established by measuring intake of 161 standard chow diet (SD, 4.8% fat) daily for a period of 4 days and calculating 162 consumption per gram of body weight. Offspring were then allowed free access to both 163 a high-fat 'Western' style chow diet (HFD; 21% fat; Specialty Feeds Diet SF00-219) 164 and the SD over a 4-day test period. The diets were randomly placed on either side of 165 the feed hopper and their positions switched after 2 days. Cage positions were also 166 randomised on the racks and were changed after 2 days to prevent systematic sampling 167 bias of Control and EtOH animals. Food and water intake were recorded daily and 168 consumption per gram of body weight calculated over the first 2 days (Choice Period 1, 169 CP1) and the second 2 days (Choice Period 2, CP2) of the two diets being offered. The 170 test period was split into CP1 and CP2, as a previous study has shown that the novelty 171 of the HFD diminishes over the test period, resulting in different eating behaviour over insulin and glucose levels. For the ITT, non-fasted rats received an ip injection of 0.75 185 U/kg body weight insulin (Actrapid, Novo Nordisk Pharmaceuticals Pty. Ltd., 186 Baulkham Hills, NSW, Australia), and tail tip bleeds were performed to measure blood 187 glucose concentrations via glucometer as above at -5, 20, 40, 60, 90 and 120 min post-188 injection. 189 190 Quantitative PCR and Western blotting 191 Expression of genes involved in hepatic glucose metabolism and peripheral tissue 192 glucose transport and insulin signalling were examined using real-time quantitative 193 polymerase chain reaction (qPCR) (see Table 1 for details of specific genes). Liver and 194 gastrocnemius muscle samples collected from 6 month-old offspring (n = 8-9 per sex 195 per group) were homogenised and total RNA was extracted using RNeasy Mini Kits 196 (liver; Qiagen, Chadstone, VIC, Australia) or Trizol reagent (muscle; ThermoFisher 197 Scientific, Richlands, QLD, Australia) according to the manufacturer's instructions. 198 Total RNA (1 g/reaction for liver; 500 ng/reaction for muscle) was reverse transcribed 199 into cDNA using iScript Reverse Transcription Supermix for 200 Gladesville, NSW, Australia). qPCR reactions were performed on the Applied 201 Biosystems Quantstudio 6 Flex Real-Time PCR System (ThermoFisher Scientific) 202 using 10 ng and 20 ng of cDNA for muscle and liver respectively, Quantinova Probe 203 PCR Master Mix (Qiagen) and Assay-on-Demand primer/probe sets (see Table 1 for 204 details). Reactions were multiplexed with beta-actin (Actb) as an endogenous control. In 205 addition, Eif2a and Rpl19 were used as additional endogenous control genes for liver 206 and muscle samples respectively (see Table 1 ). All control genes were stably expressed 207 across all samples, irrespective of experimental group or sex (data not shown). The 208 geometric mean of the two endogenous control genes was used in the ΔΔCt calculation 209 of gene expression, with fold-change expressed relative to the average of the male 210 offspring saline control group. 211 Total protein was extracted from visceral adipose tissue (100 mg) and gastrocnemius 212 muscle (30 mg) samples (male offspring only; n = 8-9 per group) for western blot 213 analysis of total and phosphorylated AKT, which plays a central role in insulin 214 signalling in peripheral tissues (Mackenzie & Elliott, 2014 236 Fasting plasma samples collected from offspring at PN30 and during the GTT at 6-7 237 months of age were analysed for insulin levels using a rat insulin radioimmunoassay kit 238 (SRI-13K, Millipore Australia, Kilsyth, VIC). Insulin samples were run in duplicate at 239 1:5, 1:10 or 1:20 dilution. Assay sensitivity was 0.03 ng/mL and inter-and intra-assay 240 coefficients of variation were 16.7% and 12.1% respectively. Plasma collected at 241 offspring culls at PN30 were analysed for triglycerides (TG), high-density lipoproteins 242 (HDL), and low-density lipoproteins (LDL) using a Cobas Integra 400 Plus Chemistry 243 Analyzer (Block Scientific, Bellport, NY, USA). In addition, plasma collected at 244 baseline for the GTT at 6 months of age were analysed for glucose levels using the 245 Cobas Analyzer, for comparison to measurement of glucose levels by the glucometer. 246 Blood glucose levels, as measured using the glucometer, were found to underestimate 247 plasma glucose levels measured using the 'gold standard' Cobas analyser ( Figure 1A ).
Plasma insulin, glucose and lipid analysis
However, this underestimation was consistent across all treatment/sex combinations 249 ( Figure 1B) . Therefore, where insufficient plasma was available for Cobas analysis 250 (PN30), glucometer readings of blood glucose levels were adequate to compare fasting 251 glucose and insulin sensitivity/resistance indices between treatment/sex groups. When 252 sufficient plasma could be collected (6 months of age), plasma glucose levels were used 253 for all analyses.
255
Calculations and statistical analyses 256 Area under the glucose (AUGC) and insulin (AUIC) curves were calculated using the 257 trapezius method with baseline defined as zero (Allison et al., 1995) . Glucose 258 concentration curves for the ITT were inverted before calculating AUGC as previously 259 described (Gardebjer et al., 2015) . Acute 1 st phase insulin secretion was calculated as 
Results

284
Maternal parameters and postnatal growth 285 Dams in the EtOH and Control groups were of similar weight at mating and at E13.5 286 ( Table 2) . Gestational weight gain prior to gavage and post-gavage were also not 287 significantly different between groups, nor were daily chow or water consumption 288 (Table 2 ). Blood glucose concentrations at 1 h and 5 h post gavage on E13.5 and E14.5 289 were not significantly different (Table 2 ). There were also no differences in pregnancy 290 outcomes between EtOH and Control dams, such as litter sex ratio, litter size, and 291 number of implantation scars (Table 2 ). However, one dam in the EtOH group had a 292 litter of only 7 pups due to a suspected blockage in one uterine horn (no implantation 293 scars were observed) and so this litter was excluded from subsequent analyses. BAC 294 was measured in 4 out of 8 Control dams, with BAC below the limit of detection at each 295 time point. In EtOH-treated dams, mean BAC was ~50 mg/dL (~0.05%) at 1 h 296 following gavage at E13.5 and E14.5, but by 5 h post-gavage, was below the limit of 297 detection on both days (Table 2) . 298 There was no difference in pup weights at PN1 between EtOH and control litters, nor 299 differences in weight gain until weaning at PN21 (Table 3) . For the first week post-300 weaning, weight gain was higher in males than in females (P(sex) = 0.03) but there was 301 no effect of treatment (Table 3) . Weights of offspring at the PN30 cull were also not 302 different (Table 3) . 305 Fasting blood glucose, plasma insulin and indexes for insulin resistance (HOMA-IR) 306 and insulin sensitivity (QUICKI) were not significantly different between groups in 307 either sex at PN30 (Table 4) . Fasting blood glucose (mmol/L) was also not different at 308 10-11 weeks of age (Male EtOH: 5.5 ± 0.2, n = 9; Male Control: 5.5 ± 0.2, n = 8; 309 Female EtOH: 5.3 ± 0.1, n = 9; Female Control: 5.5 ± 0.1, n = 8. Ptreat = 0.69, Psex = 0.51, Pint = 0.57). The plasma lipid profile (HDL, LDL, TG and TC) was also not 311 different between EtOH and control offspring at PN30 (Table 4 ).
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Fasting blood glucose, plasma insulin and lipid levels in adolescent offspring
313
Food preference and water consumption at 4-5 months of age 314 There were no significant differences in consumption of SD or HFD between EtOH and 315 Control offspring at any time (Table 5 ). Animals consumed ~10-fold more HFD than 316 SD during CP1, with a concomitant 10-fold decrease in SD consumption compared to 317 baseline levels. This continued through CP2, although HFD consumption dropped to 318 ~4-fold that of SD. However, there were sex differences in consumption rates, with 319 females consuming more SD at baseline and more HFD during CP1 and CP2 than males 320 (Table 5 ). However, as the HFD was more energy dense than the SD (19.4 MJ/kg 321 versus 14.0 MJ/kg), there was a significant decrease in energy intake per day by the 322 EtOH groups compared to controls, due to a slightly reduced (non-significant) 323 consumption of HFD by these groups. 324 Daily baseline water and SD consumption was not significantly different between 325 Control and EtOH offspring in either sex, but females did drink a larger volume of 326 water compared to males, regardless of treatment (Table 5 ). EtOH females also showed 327 a tendency to increase their water consumption compared to controls in the 2 nd half of 328 the testing period (CP2 , Table 5 ) with a non-parametric Mann-Whitney U-test 329 performed separately for each sex, indicating a significant difference between control 330 and EtOH females (P = 0.003) but no difference between groups within males (P = 331 0.34). 334 At 6 months of age, fasting plasma glucose continued to be similar between EtOH and 335 Control groups and between males and females ( Figure 2A ). However, fasting plasma 336 insulin was significantly elevated in males only ( Figure 2B ). HOMA-IR and QUICKI 337 indices were also significantly altered in EtOH compared to Control offspring, 338 indicative of increased insulin resistance and reduced insulin sensitivity ( Figure 2C, D) . 339 In the GTT, there was no significant difference in the overall AUGC between EtOH and exhibit a reduced response to glucose injection, resulting in a trend (P = 0.07) for 342 reduced AUGC in females versus males ( Figure 3A, B ). Insulin output, as shown by the 343 AUIC, was significantly elevated in males compared to females during the GTT ( Figure   344 3C, D). This was particularly evident during the acute first-phase insulin response, with 345 EtOH males having a tendency to increase insulin output compared to Control males 346 and female offspring ( Figure 3E ). Second phase insulin production continued to be 347 higher in males than females, but there was no effect of PAE ( Figure 3F ). In addition, 348 EtOH male offspring had significantly reduced glucose clearance in response to 349 exogenous insulin in the ITT (Figure 3G , H). However, PAE had no effect on glucose 350 clearance in females during the ITT ( Figure 3H ). parameters) between EtOH-exposed and control offspring (Table 6 ). However, as would 359 be expected, males were significantly larger than females across all parameters (Table   360   6 ). There was also no significant difference in liver or pancreas weight (absolute or 361 relative to body weight) between EtOH and control offspring. Again, liver weight 362 (absolute and relative to BW) and absolute pancreas weight were significantly larger in 363 males than females. However, pancreas weight relative to body weight was significantly 364 larger in females than males (Table 6 ). 365 366 367 Liver tissue was collected from 6 month-old offspring for analysis of genes involved in 368 glucose transport (Glut2), homeostatic regulation of glucose levels (G6pc, Gck, Pck1 369 and Ppargc1a) and insulin signalling (Insr) ( Table 7) . There was no significant 370 difference in the expression of these genes between EtOH-exposed and control 371 offspring (Table 7) . However, there was a sex-specific difference in expression of Ppargc1a and Insr, and a trend for an effect of sex on Glut2 expression, with all three 373 genes displaying higher relative expression in females compared with males (Table 7) . 374 375 Peripheral tissue insulin signalling 376 Given the insulin resistance observed in EtOH-exposed males, we examined a key 377 molecule involved in the insulin signalling pathway in peripheral tissues, AKT, also 378 known as protein kinase B. In skeletal muscle, there was no significant difference in 379 total (pan-)AKT, pAKTSer473 (absolute or as a ratio of pan-AKT) or pAKTThr308 380 (absolute or as a ratio of pan-AKT) between EtOH-exposed and control male offspring 381 ( Figure 4A -E). Muscle gene expression of the glucose transporter, Glut4, and the insulin 382 receptor, Insr, were also not affected by EtOH exposure (Figure 4F , G). However, there 383 was a significant increase in pan-AKT in adipose tissue from EtOH-exposed males 384 compared to controls ( Figure 5A ) and a tendency for increased pAKT Ser473 ( Figure 5B This study demonstrates for the first time that a low, acute dose of prenatal EtOH can 390 program metabolic dysfunction in a sex-specific manner. Male offspring developed 391 insulin resistance at 6 months of age, regardless of the lack of traditional hallmarks of 392 low birth weight and catch-up growth seen in fetal programming. PAE male offspring 393 also showed alterations in insulin signalling in adipose tissue. Given that BAC levels 394 following alcohol exposure were relatively moderate, at ~0.05%, these results 395 strengthen the message that no amount of alcohol during pregnancy is safe for long-396 term offspring health. 397 Previous preclinical studies investigating the association between PAE and offspring 398 metabolic health have typically used a high dose (2 g/kg BW administered twice a day) 399 throughout gestation and found this can induce glucose intolerance and insulin 400 resistance (see (Akison et al., 2019) for review). This dosage typically results in a peak 401 BAC of ~0.1-0.15% (Chen & Nyomba, 2003b) . However, our moderate, acute dose 402 model, resulting in a BAC of just 0.05% one hour after gavage, is more representative of drinking practices in pregnant women who report drinking on average 1-2 standard 404 drinks sporadically during pregnancy. Although the model used in this study has been 405 previously used by Gray et al. (Gray et al., 2010) , they reported a BAC of 0.107% in 406 treated dams 1 h after gavage. The reasons for these differences in BAC are unknown 407 but given these discrepancies, this highlights the importance of measuring and reporting 408 BAC levels, in addition to providing the dosage administered. 409 In our moderate exposure model, there were no changes in fasting blood glucose levels 410 at any age, or fasting insulin levels in adolescent offspring exposed to prenatal alcohol. 411 Blood glucose concentrations during a GTT performed at 6 months of age were also not 412 altered. However, the major finding of our study was that male offspring exposed to 413 alcohol showed evidence of insulin resistance at 6 months of age, with elevated fasting 414 plasma insulin, resulting in an increased HOMA-IR index, indicative of insulin 415 resistance, and a decreased QUICKI index, indicative of reduced insulin sensitivity. 416 There was also a trend for increased first phase insulin secretion during the GTT and a 417 significant impairment in glucose clearance following an insulin challenge. This is 418 consistent with findings of a recent systematic review, which found that of 12 419 preclinical studies that examined glucose metabolism using a GTT and/or ITT, all but 420 one study found evidence of insulin resistance (Akison et al., 2019) . However, the 421 majority of these studies also reported changes in circulating glucose levels following 422 PAE. Interestingly, only one of these 12 studies had a low BAC (peak of ~0.03%), 423 comparable to that measured in our study. That study, using a chronic low dose of 424 alcohol throughout pregnancy, also found increased first phase insulin secretion in 425 response to a glucose challenge exclusively in males, without concomitant changes in 426 blood glucose levels (Probyn et al., 2013) . These are hallmarks of a pre-diabetic state. 427 This suggests that the BAC may need to reach a higher threshold to induce changes in 428 glucose tolerance, while changes in insulin sensitivity can potentially manifest 429 following exposure to a much lower BAC. 430 We explored potential molecular mechanisms underlying the observed insulin resistant 431 phenotype. Given the importance of the liver for glucose homeostasis, we examined the 432 expression of a selection of hepatic genes involved in glucose transport (Glut2), glucose 433 homeostasis (G6pc, Gck, Pck1, Ppargc1a) and insulin signalling (Insr). Similar to our 434 low dose chronic alcohol exposure model (Probyn et al., 2013) , we found no dysregulation of these genes due to PAE, and instead observed only sex-specific 436 differences in gene expression. This suggested the deficits lay within peripheral tissues 437 regulating glucose uptake and utilisation. Supporting this, we did find alterations in 438 PI3K/AKT signalling in a peripheral tissue, specifically in adipose tissue. AKT 439 signalling is known to play an essential role in insulin-mediated glucose uptake in these 440 peripheral tissues (Huang et al., 2018) . Both total AKT and activated AKT, measured 441 by phosphorylation at Threonine 308, were elevated in adipose tissue collected from 442 PAE male offspring at 6 months of age. However, it is pAKT(Ser473) that is the rate-443 limiting factor, suggesting that no compensatory changes to the levels of 444 phosphorylation at this site may underlie the dysregulated glucose clearing observed 445 during the ITT. Our results are consistent to a previous study investigating insulin 446 signalling in offspring exposed to periconceptional alcohol (Gardebjer et al., 2015) . 447 This suggests that increased pAKT(Thr308) may be a potential compensatory 448 mechanism in response to increased fasting insulin levels. We found no differences in , 2002) . Previous preclinical studies have reported reduced birth weight and 463 subsequent 'catch-up' growth in offspring exposed to prenatal alcohol that was 464 associated with subsequent metabolic dysfunction, specifically insulin resistance, in 465 adults (Chen & Nyomba, 2003b; Yao et al., 2006; Dobson et al., 2014; Xia et al., 2014; 466 Gardebjer et al., 2015) . However, other studies highlight that growth restriction is not required to program chronic disease, with insulin resistance arising in PAE offspring 468 irrespective of birth weight (Chen & Nyomba, 2004; Yao & Nyomba, 2008; Probyn et 469 al., 2013; Yao et al., 2013) . Clinical studies have also reported that growth restriction is 470 not a prerequisite for development of metabolic syndrome (Euser et al., 2010; Kopec et 471 al., 2017) . We found no differences in offspring weight soon after birth, or postnatally, 472 between control and PAE offspring, and yet males developed insulin resistance at 6 473 months of age. Interestingly, the low-dose model mentioned above, which showed a 474 similar insulin resistant phenotype in males only, also exhibited normal birth weights 475 and offspring growth (Probyn et al., 2013) . This highlights that even low-dose 476 exposures can program offspring disease, irrespective of birth weight. 477 PAE offspring at 4 months of age did not exhibit a preference for a HFD. However, 478 they did eat slightly less than controls, which resulted in a significantly lower energy 479 consumption in PAE offspring due to the HFD being more energy rich. This was 480 particularly evident in the second choice period, when the novelty of the new diet had 481 presumably waned (Dorey et al., 2018) . This was contrary to a recent study in rat 482 offspring exposed to a higher dose of alcohol exclusively around conception, which 483 found that males preferentially consumed more HFD than controls (Dorey et al., 2018) . 484 However, this study was conducted in much older rats (15 months of age). Clinical 485 studies have found that children diagnosed with FASD tend to have hyperphagia and 486 abnormal eating patterns, including constant snacking and impaired satiety (Werts et al., 487 2014; Amos-Kroohs et al., 2016) . Our results are more consistent with a study 488 conducted in mice, which found no changes in food preference as a result of PAE 489 (Amos-Kroohs et al., 2018) . Interestingly, that study also restricted PAE to later in 490 gestation (E12.5-17.5). 491 Our study also revealed a tendency for PAE females to consume more water than 492 controls. This was consistent with a recent study in 18 month-old rat offspring exposed 493 to periconceptional alcohol, which found that exposed females consumed significantly 494 more water than controls (Dorey et al., 2018) . Two other studies have also reported 495 increased water intake in 2-3 month-old rat offspring due to PAE from embryonic day 496 6/7 to birth (Dow-Edwards et al., 1989; Knee et al., 2004) . One only measured this in 497 male offspring (Dow-Edwards et al., 1989) . However, the second study measured this 498 in both sexes and found the polydipsia phenotype was most pronounced in females 499 (Knee et al., 2004) . One other preclinical study found no effect of an acute binge 500 exposure at embryonic day 7, although they only examined male offspring (Desroches   501   et al., 1987) . This suggests a sex-specific, polydipsia phenotype associated with PAE. 502 Although we did not examine renal function, a previous study using the same acute 503 PAE protocol in rats showed sex-specific alterations in glomerular filtration rate and 504 altered protein excretion at 6 months of age, particularly in males (Gray et al., 2010) . 505 A possible limitation of this study was that the saline gavage did not control for the 506 additional calories provided by the EtOH. A recent study highlighted that the typical 507 maltodextrin control, used as a substitute for the calories provided by EtOH, is not 508 metabolised in the same way, and when a medium chain triglycerides solution was 509 included as a control, no changes in metabolic outcomes could be attributed to PAE 510 (Amos-Kroohs et al., 2018) . 511 Furthermore, although the low dose PAE in this study did not affect body weight at 6 512 months, we did not specifically assess body fat. Studies have previously assessed body 513 composition in PAE offspring using dual-energy X-ray absorptiometry (DEXA) and/or 514 magnetic resonance imaging (MRI), with variable results. Our result is similar to that 515 found in a previous low-dose model in rats (Probyn et al., 2013) , as well as a study in 516 mice with EtOH exposure restricted to late gestation (Amos-Kroohs et al., 2018) . 517 However, three studies reported increased adiposity in PAE offspring compared to 518 controls, particularly in males (Dobson et al., 2012; Gardebjer et al., 2018; Zhang et al., Table 6 : Body condition and organ weights of offspring from saline (Control) and ethanol (EtOH) treated litters at 6 months of age. Offspring were prenatally exposed to ethanol (EtOH) or saline (control) at embryonic day 13.5 and 14.5. Data are presented as mean ± SEM. n=12 per group, as 1-2 rats per sex per litter (across 8 control litters and 9 EtOH litters). P values were obtained using a two-way ANOVA, with treatment (Control/EtOH) and sex (male/female) as factors. BW = body weight. * Ponderal index calculated as body weight (g) divided by snout-rump length cubed (cm 3 ). † Indicates data not normally distributed and analysed with a non-parametric Kruskal-Wallis Test. ^^ Indicates significantly different to corresponding group in males (P<0.001) from Dunns multiple comparison procedure. Table 7 : Expression of hepatic genes involved in glucose and insulin signalling. Offspring were prenatally exposed to ethanol (EtOH) or saline (control) at embryonic day 13.5 and 14.5. Liver tissue was collected at 6 months of age. Data are presented as mean ± SEM. P values were obtained using a two-way ANOVA, with treatment (Control/EtOH) and sex (male/female) as factors. * Indicates data not normally distributed and analysed with a non-parametric Kruskal-Wallis Test. ^^ Indicates significantly different to corresponding group in males (P=0.008) from Dunns multiple comparison procedure. 
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Expression of hepatic genes involved in insulin signalling and glucose homeostasis
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